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The objact of this raaaarch la to datarmlna tha loachanlain of 
daposlt formation In hydrocarbon fuela, and thus to predict and to 
prevent depoalt formation.^ Tha daposlta cause clop, gad filters and hot 
fuel lines. Our premise Is that such deposits, insoluble In hydro- 
carbons, arise from further condensation of deposit precursors.^ The 
precursors are the oxidation products of the fuels and dondensatlon 
products of these, formed In stepwise reactloni'. When their molecular 
weights and oxygen contents become high enough, they precipitate from 
solution,^ either on long storage or quick heating. The problems are: 
what oxidation products are most likely to condense; Is the condensation 
a radical or a nonradical reaction, or both; what fuels or fuel components 
are most likely to form precursors; and how can the reactions be prevented? 

This paper deals with applying field Ionization mass spectrometry 
(FIMS) to solve these problems. We started with a No. 2 home heating 
oil ("Fuel C") to represent an unstable jet turbine fuel, then used n- 
dodocane as a simple and common fuel component. In both approaches, we 
encountered difficulties but also made substantial progress. 

EXPERIMENTAL 

One gallon of Fuel C was supplied by the Lewis Laboratory of the 
National Aeronautics and Space Administration. It was brown and con- 
tained so much material of high molecular weight and low solubility that 
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following tho dovolofmont of addltlonol precursor* was it practical. 
Therefor*. 176g of the fuel was distilled at 2.3 kPa (17 torr) in a 
Claisen flask with a Vlgreux neck. The distillate, collected at 54 to 
203^C. was pale yellow; 4.14 g of a dark rixture of liquid and solid 
residue was obtained. Aliquots of the distillate, about 10 rd.. were 
oxidised by shaking them with air in 100-mL flasks in a 130* bath. Gas 
samplas of 70 yL were withdrawn through a septum and analysed for Oa/Na by 
gas chromatoaraohy on a 183 x 0.32 cm stainless stael colunn at 0*C and 
3 (V>dL per minute He flow rate. The column was packed with 13X molecular 
sieve . 


*'Fure" 99Z n-dodecane was obtained from the Phillips Chemical 
Company and distilled at 7.3 kPa (17 torr). The first and last tenths 
were rejected. 

A 25.4-cn<>T.auiu.^ 9'~;° magnetic sector mass spectrometer was used 
to obtain the complete molecular weight profile of the fuel samples. 

a 

This mass ^spectrometer Is equipped with a volcano-style field Ionization 
source and an all-glass batch Inlet system. It routinely achieves a 
sensitivity of 2 x 10”^lon^molecule and may be connected to a PDP 
11/10 computer system program to acquire, average, analyze, and plot 
mass spectral data. 

Molecular weight profiles are obtained by Injecting a 5-yL sample 
of the fuel through a septum into the evacuated 0.5-L glass expansion 


bulb of tho batch Inlat ayatni. Tha antlra fual aanpla vaporlaaa 
Inmadlacaly and tha nlxtura of gaatoua fuel raolaculaa ontara the fir Id 
lonleation aourca through an f J-ym>dlamatar glaaa laak. Flald lonl- 
totion of thlB mlxtura producaa molacular Iona from aach fual componanc. 
Tha roaultlng field Ionisation maaa apactrum la therefore a molecular 
weight profile of the fual aampla. Tha FlMS/computer ayatao'a aanaltlvlty 
and praclalon la such that aubatancaa which are IX of the fuel sample 
can be quantitated with an accuracy of better than ±5X. 

A second flald Ionisation maaa apactromatar ayatam waa used to 
analyse deposit ptacursors. This la a 25.4-cm»radluS( 60* magnetic 
sector maaa spectrometer equipped with SRI 'a activated foil field Ioni- 
sation source. This mass spectrometer routinely achieves a sensitivity 
••7 

of 2 X lO” lon/molacule and has a maximum mass range of 4,000, but 
with a maximum mass resolution of 1200. It may also be Interfaced to 
tha POP 11/10 computer system, a** though the mass spectral data system 
is limited to an upper mass of 850. 

Fuel C samples were analyzed for deposit precursors using vacuum 
evaporation preconcentraLion. A 0.5-mL fuel sample was spiked with an 
internal standard, 10 micrograms of decacyclene. The s^imple was then 
vacuum-evaporateo < less than 100 yL. A flve-yL sample of the concen- 
trate was placed in a standard mass s]>ectrometer sample holder in the 
solids probe of the mass spectrometer. The probe was cooled to -50*C, 
Introduced Imo the mass spectrometer vacuum system, and then warmed to 
30*C with continuous pumping to remove most of the remaining volatile 
components. The probe was then mated with the ion source. The field 
ionization spectrum of the residue, including deposit precursors and 
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dscacyclcn* Intanwl standard, vas collaetad with tha PDF 11/10 conputar 
systan. Tha rasultlng PIMS spaetra, tharafora, rapraaant tha cooposltlon 
of tha laaat volatlla componants of tha fual sample. Any low volatility 
Impurltlas In tha fual will also appear In tha FIMS spactnim of this 
rasldua. Bacauaa the Intamal standard (decaeylana) was spiked at the 
level of 20 ppm (by weight), the concentration of Individual deposit 
precursors la calculated by comparing their Inteneltlea in the 71 
spectrum with thi Intensity of the peak from the decacyclene standard. 

The procedure for analyzing samples of oxidized dodecane was the 
same as for Fuel C, except that the internal standard was prrylene 
(molecular weight 252). In general. It was not poselble to remove all 
of the dodecane because Its volatility was too close to that of the 
dod«icane oxidation products. 


RESULTS 

Fuel C . Table 1 summarizes the results of an oxidation of distilled 
Fuel C; they show steady increases in rate of oxygen absorption (auto- 
catalysis) and in concentration of less volatile material. 


Table 1 


RESULTS 6F the OXIDATION OF VACUUM-DISTILLED FUEL C 




Sample 


Parameter 

B3A501 

A34502 

A34503 

A34504 

Time at 130”C (min.) 

0 

255 

430 

701 

Oa consumed (mmol /liter) 
Per minute^ x 10® 

0 

6.55 

2.6 

13.1 

3.7 

32.2 

7.0 

Deposit Precursor Prop|rtles 
Concentration (ppm; • 
Number Av. Mol. Wt., n 

74 

435 

132 

388 

2540 

355 

2600 

318 

Weight Av. Mol. Wt., \ 

496 

440 

419 

381 


a During preceding Interval 
b Based on total materials found by FIMS 
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Figure 1 ehowe the molecular weight profile of dietilled* but 
unoxidized. Fuel C. The ebaciaee correaponde to the maaa number of 
the ione in the meet epectrogreph. The full ordinate ia 10% of the aum 
of all the ion intenaitiea. Thua the 156 maaa unit bar meana that 8.8% 
of the fuel concentrate conaiata of material of molecular weight 156. 

All the principal componenta have even maaa numbera. aa will all compound! 
of C. H, and 0 (but not N). However, 1.1% of natural C ia and ao 

for any 12-carbon compound, about 13% of the moleculea will contain 
one and have a molecular weight that ia higher by one unit. There- 
fore, all the major peaka will have an obvloua aatelllte with maaa 
number one unit greater. Thua the 156 peak In Figure 1 la accompanied 
by a 157 peak that la 13% aa high. 

Figure 1 ahowa eeveral aerlea of major peaka that differ by 14 
maaa unite, corresponding to homologous series differing by one or more 
CHa units. The 106 to 134 series corresponds to alkylbenzenes with two 
to four carbon atoms In side chains. The 142 to 198 series corresponds 
to paraffins with 10 to 14 C atoms, with unknown branching. Peaks at: 

168 tc 224 correspond to hydrocarbens with one ring or double bond. 

Other peaks correspond to compounds with additional rings or double 
bonds. Similar molecular weight profiles of oxidized Fuel C are not 
useful: at low conversion, the concentration of each hydrocarbon does 

not change much and each gives small quantities of several oxidation 
products, with opportunities for compounds with different C:H:0 ratios 
to have the same mass number. 
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FIGURE 1 MOLECULAR WEIGHT PROFILE OF THE DISTIL* £0 SAMPLE OF FUEL C; t-0ii,O, 
to a concentration of 34)1 M, but the fuel ««i iwt oxidifed. 



Figures 2 to 5 •usnsrlc* FIMS data after the four periods Indicated 
In Table 1. Each sample was spiked with 20 ppm of decacyclene (CseHie* 
molecular weight 4S0, structure In Figure 2). The ordinate and the 
numbers In the upper left corners of the figures arc the percentages 
of the summed Ion Intensities. Figure 2 shows ti;e distilled but unoxl- 
dlzed Fuel C. Traces of the higher molecular weight products can be 
seen In Figure 1, but the spectrum brings out the minute traces of a 
great number of compounds swept over in the distillation or formed 
between distillation and caking the spectrum. 

Figures 3 Co 5 show Che FIMS after Che Chtee oxidation periods In 
Table 1. Most of the material of molecular weight *^250 corresponds to 
Incorporation of one to four atoms ut oxygen Into fuel molecules 
cursor monomers) . retained because they are much less volatile than the 
fuel. Most of the material with molecular weights between 300 and 450 
represents combinations of monomer precursors. Material of Intermediate 
uiolecular weight presumably represents condensation of monomer precursors 
and their fragments formed by cleavage of alkoxy radicals. Figures 2 
and 3 show that the development of monomer precursors and dimer pre- 
cursors, like the rate of oxygen absorption, Is autocatalytlc. Develop- 
ment of Crlmers can also be seen. 

During the oxidation period Chat ended with the product In Figure 5, 
the solution became lighter and a dark brown precipitate formed on the 
reactor walls. During this period, the concentration of precursor 
monomers Increased sharply (these may be the ones that do.. 't condense 
easily); and the concentrations of dimers and Crlmers appear to decrease 
perceptibly (compared with the decacyclene standard), perhaps because 
they have separated from the fuel mixture. 
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FIGURE 3 FI MASS SPECTRUM OF THE DEPOSIT PREOIRSORS FORMED IN FUEL C AFTER 
OXIDATION FOR 2S5 MINUTES AT 130"C 
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Ta« praclpltAt* that foraadt after imahing with haxana and drying* 

weighed about 3 of Initial fuel. Acetone extraction of thle 

reeidue gave 0.137 ng of extract /g Initial fuel; Ite fi In N-dlnethyl 

n 

fomamlde wee *^600. It therefore eppaara that the <*epoalte precipi- 
tate more becauae of their oxygen and heteroaton contenta than becauee 
of their high nolecular welghte. 

Although the reeearch deecrlbed above providea excellent evidence 
for the depoalt fomation by etepwlee condeneetlon of depoalt precureora, 
the data give ue little indication of the chemical atructuree or mechen- 
lema Involved. However, there la an Indication with Fuel C of a problem 
that becomea much more obvloue with n-dodecane. Comparing Flgurta 2 
through 5 wlt’i Figure 1 ahowe that the oxidized producta have higher 
proportlona of materlala with odd mate numbera (in the spacce between 
the peaks with even maae numbers). Odd mass numbers in C, H. and 0 
compounds, except those due to mean that fragmentation of parent 

molecules has occurred in the FIMS. 
n-Dodecane 

To eliminate the multicomponent problem with Fuel C, we investigated 
the oxidation of n-dodecane. Two seta of oxidations were carried out. 

In the first set, a 30.6 mmol aliquot was oxidized for 12 hours at 
llCC In a sealed tube containing air; 0.341 mmoles of oxygen was 
absorbed, 1.76 mol X on the dodecane used. Part of this product was 
used directly in the FIMS and part was first heated for one hour at 
180*C in a sealed, evacuated tube to destroy peroxides. Known 3- 
dodecanol and 2-dodecanone were also investigated. Because the extents 
of evaporation varied before taking FIMS data, the absolute 
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eonc«ntr«tions of products vary conaldtrably In tha thraa apaetra. 

Dodaeana (naaa nuabar 170 and lea aatalllta at 171) pr<*.donlnatad In 
tha F1M5 concantrataa but ara Irralavant and naglactad In thla diacuaaion. 
Tab la 2 tharafora llata tua 12 atrongaat othar paaka for aach apactrum 
in ordar of thalr ralatlva intanaitlaa. 

Tabla 2 shovs that with tha untraatad oxidation product* tha four 
atrongaat paaka, and 7 of tha 12 atrongaat, hava odd naaa numbara. 

Thaaa nuat rapraaant molactla fragmanta, and ao va a:^aminad tha FIMS 
of known 3>dodacanol and 2-dodacanona. Tha doJacanol ahova llttla of 
tha parant Ion (166), but It dacompoaaa In tha FIMS to give alx princi- 
pal algnlflcant producta: 50 nol X la dodacyl (169 by loaa of HO); 20Z 
la dacyloxy (157 by loss of ethyl); 18Z la dodaeana (168 by less of 
water); 13Z la dodacanona (184 by loaa of Ha); SZ la dodecyloxy (185 
by loss of H) ; and 4Z la undecyloxy (171 by loaa of nethyl). Tha aacond 
and laat producta are probably apaclflc for 3-dodecanol, .^^avlng dodecyl 
aa the principal product from mixed dodecanola. 2-Dodecanone la 
relatively atable. The parent peak (184) and its aatelllte (185) 
compriae >90% of the observed Ions. 

In tbt; oxidation products, the 182 and 183 peaks are probably 
fragments from dodecyl hydroperoxides because they disappear or decrease 
upon heating and are replaced by alcohol -derived peaks at 169 and 185. 

The 184 parent peak for dodecanone is little changed on heating. The 
169 peak is associated with both alcohol and hydroperoxide but must 
come only from alcohol In the heated product. The new 203 and 373 
peaks in the heated sample probably arise from peroxides with >2 oxygen 
atoms or two dodecane residues. The 12-carbon proJ .ts with two and 
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TAILS 'i 


ratNCIPAL lONI nm S-DOOKANOL, 2«DODKANONB, and OXZDATtON PRODUCn OP ••OODBCANS 


NO (MIDATION 

P1R8T OXIDATION 

3-1*0= 

2-DO- 1 

HIATRD 

lANRlNC DICANOL 

DICANONB 



wimAm 


1 

169, 

114 

183 

169 

183 

169 

182 

2 

157* 

185 

169 

185 

169 

183 

183 

3 

168 

183 

199 

199 

199 

184 

^‘®b 

4 

131 

122 

165 

20:< 

184 

185 


5 

184 

183 

184 

184 

183 

303 

370j 

6 

185, 

150 

217 

201 

185 

198 

256“ 

7 

171* 

155 

182 

217 

197 

57 

184 

8 

373 

170 

201 

183 

198 

182 

185 

9 

m 

186 

216 

198 

217 

199 


10 

183 

136 

197 

373 

370 

85 

297? 

11 

182 

156 

198 

159 

196 

71 

283j 

12 

198 

108 

370 

186 

99 

58 

37l“ 


81C0HD OXIDAITOM 

TKIATIb' "" 

w.;n> win Rt * 

0 180* n * AcW NIATED 


»«C 

284'^ 

296® 

184 

256® 

266® 

213® 

196 



290" 

98** 

184 
182 

194‘‘ 

570. 

189^ 

203. 

302^ 

185 
183 


THIRD 

OXIDA- 

TION 


feha?: 

169 

184 
168 
183 

185 
157 
143 
129 


8uRM*t*d Idanttf leattona of iona abova. 


57 

CaHa 

182 

dodacanon* 

256*’' 

ROH 

56 


183 

1 

264® 

2 i ring* 

71 

CaHtt 

184 

dodacanona 

266® 

1 1 or C-C 

85 

CaHia 

185 

dodacyl-0 

290? 

dodacyl-OBi 

98 

Haptan* 

186 

dodacanol 

291® 


99 

CfHiB 

189 



RN 

129 

CaHj^O 

' 


297**® 

RO 

131 

C*Ha,0Ha 

194 

Cia dikaton* - 4H 

310 

katona 

143 

C*Ht»0 

196 

♦ 



157 

CtoHa.O* 

197 

♦ 

311** 

RO 

159 

OroHaiOHa or CnH^nOa 

198 

Cta dikatona 

”*d h 

ArH - 2H 



199 

4 

370** •** 

1 Sea 

168 

dodacanc* 

201 


371® 

j taxt 

169 

dndacy I 

203 

dodocanadiol * H 

37t 

dintar (OH) ("0)0 

171 

CtiHaaO* 

313 

dodacanatrion* * H 



172 

CjjHaiOM 

216 

1 



A 


217 

dodocanatriol H 




ArH - 3H 





175'* 

Ar 






* Prom apacific claava 

gaa of 3-dodacanol 

** Spocitic for KI . 



® Appaar or peralat altar haatlna KI aampla. 

** Pacullar to bantoylatlon product, H/Z - 226, 227, BtaO, war* tha atrongaat paaka but 
132, BaOH, tha naat atrongaat, and 104, banaoyl, ara axcludad froa ranktnga. 

* In 20 h at 130*, 7.25*, 42,6 nmol* of n<-dod*cana abaorbad 0.667 nmol Oa, 1.57 aol X. 

Tha hydroparoxld* contont of an aliquot corraapondod to 24, SX of tha Oa abaorbad. '*'na 
ranatndar of th* product waa than traatad with 30X axcaaa trlphanylphoaphlna for 6 hour* 
at room taaparatura and than diatillod at 1,7 '*Va (13 torr) to romov* phoaphtn* and 
ita oxtda. Thta aantpl* ahould nut Includ* high-hoi ling product*. 
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thrae oxygan atona ara notably and axpaccaci?v atrongr4 In tha oxidation 
products than in ?-dodacanol. Mcao numbara 194 to 203 and 213 to 2)7 
ara closaly ralatad products corraapondlng to gain or losa of H atcma 
by aicohola and katonaa; tha bordarllna batwaan tha parant conpounds 
la fuzzy. Volatility conaidarationa must favor tha hlghar oxygan 
compounds in tha data obsarvad for 12-carbon products. 

Moat of tha complicationa in cha first, third, and fourth columns 
of data in Tabla 2 ara assoclatad with fragmantatlona of alcohols (and 
possibly also of hydroparoxldas) . An affort was made to avoid fragmen- 
tation by acatylatlng, methylating, or benzoylatlng purs hlghar alcohols. 
5-Doaacyi acatata gave mostly dodecane and then unldantlfiad or cleavage 
products. 6-Tridacyl methyl ether appeared to decompose mostly to 
trldecanona and methane, but also to tridacene. 6'Trldacyl benzoate 
gave mostly the parant peak. 

The second set of experiments on the oxidation of dodecane is also 
sunzoarized in Table 2. n-Dodecane was oxidized for 22.3 hours at 
130*C; 120.6 mmol of dodecane absorbed 1.35 mmol of oxygen, 1.12 mol X. 
Thus less reaction occurred in a lunger time, presumably because of 
oxygen depletion. Part of the product was subjected to FIMS directly; 
part was heated for one hour at 180*C in the absence of oxygen to 
destroy peroxides. A major portion was created with aqueous KI and 
acetic acid to decompose peroxides. The liberated iodine was titraced 
with sodium thiosulfate. The hydroperoxide content corresponded to 
34X of the oxygen absorbed. Part of the Kl-treated products was then 
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for ono hour at 180* In tho aboonco of air and anothar vaa 

banisoylatad with 20X axcaaa banzoyl ehlorida in pyridina.* 

From Tabla 2, tho raaulta with tha haatad and unhaatad oxidation 

produeta ara qualitativaly aimilar. Tha principal diffaranca la tha 
appaaranca on haatlng of tha aacond aat of a homologoua aarlaa at maaa 
nuabara 57 to 99 » corraapondlng to hatyl and haptyl iona* and tha dia- 
placamant of tha 196, 197, and 217 paaka from tha 12 moat promlnant 
produeta aftar haating. Tha radleala at maaa numbara 57 to 99 ahould 
ariaa from claavaga in tha FIMS of hydroparoxidaa in tha unhaatad oxi- 
dation produeta, 

r-C-R^ —a R.-*- H-?-R* (1) 

H 

or from alcohola in elthar the heated or unhaatad produeta: 

H H 

0 0 0 

R-C-R^ — ^ R. + .C-R^ ( or Ha-C-R^) (2) 

H H 

The KI ti^atment of the oxidation products vaa expected to decom- 
pose hydroperoxides to alcohola without forming free radicals or by- 
products. However, the 182 dodecenone peak is stronger than In any 
previous experiment: It may come from either dodecanone or dodecanol. 

New strong peaks appear at 256, 283, 297, 311, and 370; all but 256 
snd 297 weaken or disappear when the KI product is heated. These new 

* After washing out the pyridine, the product was shaken with saturated 
aqueous K 2 CO 3 for several hours to reduce the concentrations of acid 
chloride and anhydride and dried with anhydrous KaCOa. Even so, the 
small amounts of benzoic acid and anhydride remaining appeared as 
major products in the FIK3. The 104 benzoyl peak and several 
metastable peaks from BzaOa are omitted from Table 2. 
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pMkt auy r«pr«amt tlgnlf leant byproduct* of th* KX reaction* b «t 
nor* probably, they rapr*aant FIMS-axagg*ratad tracaa. 

In comparlaon with th* KI reduction, the trlphanylphoaphln* reduc- 
tion give* nor* products that are nor* typical of dodacanola (168, 169, 
185) and thus nay be a cleaner reduction. However, th* abaenc* of 
peaks above 190 ^ the trlphenylphoaphlne products la probably due to 
distillation before FIMS (note e. Table 2). 

The 370-371 peaks appear in several mixtures In Table 2 and are 
prominent In all the mixtures In Table 3, except In the KI 4 heat group. 
They do not survive heating after KI treatment, but they survive 
benzoylatlon and so are not associated with hydroxyl groups, even 
though mass number 370 corresponds to a dimer glycol. The 370-371 
products may come from some combination in a dimer of carbonyl and ether 
groups that produces these peaks in FIMS. 

The heated products are similar to the KI products, containing 
considerable material of mass numbers 169, 182-185, and 198-199. How- 
ever, the heated products contain more low mass number fragments and 
the KI products give more ions with mass ..umber >256. Of the six new 
mass numbers that appear in the KI sample, the 256 peak persists 
after heating but five weaken or disappear (283, 297, 311, 370, 371) 
and some new ones appear. Thus, substantial changes occur upon heating 
the KI product, even though there are no peroxides left, and hence 
nonradical reactions as well as radical reactions may lead to polymeric 
precursors. 

Interposing the KI treatment before heating makes the dodecenone 
peak (182) most important, weakens or eliminates several peaks (57, 58, 
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71» 85» 185* 199* and 203) and forma aavaral naw onaa* moatly >250. 

Tha banzoylatad Kl-traatad product contalna mora dodacyl banzoata 
(290) than anything alaa, and aatabllahaa hydroparoxlda and alcohol 
aa tha major primary products. The 168 and 169 paaka ahow that 
banzoylatlon of alcohol vaa aaaantlally complete. Tha 182* 18A* and 
185 paaka that paraist probably come from dodacanonea* but In tha KI- 
treated product* they and the 163 peak may also come from dodacanols 
(cf. Table 2). 

Table 3 shows the relative Ion concentrations from dimeric products. 
The moat prominent appear In Table 2. Tliese products appear In groups 
corresponding to the dimer (338) and products containing 1, 2* and 3 
additional oxygen atoms (near 35A, 370* 386* and maybe 402) minus a 
few hydrogen atoms for formation of ketones or alkoxy radicals Instead 
of alcohols. Starting at about mass number 399* most of the higher 
mass numbers must represent two dodecane residues plus oxygen plus 
additional carbon-containing fragments. No trimeric fragments (506 or 
above) have been observed* probably because of precipitation or 
(volatility limitations. However* their absence may instead be caused 
by low yields with dodecane* because trimers were observed with Fuel C. 

We now consider the mechanism by which monomers are converted 
into dimeric products. The simplest condensation of dodecane by heat- 
ing with a hydroperoxide would be: 

2RH + RO 2 H — > Ra + ROH + H 2 O (3) 

The molecular weight of the Cau dimer is 338, but none of this was 
found in the first set of oxidation products. Instead, the Cau products 
found had 2 to 4 oxygen atoms and mass numbers close to 370, 385* and 399. 


TABLE 3 


PRINCIPAL IONS FROM OXIDATION PRODUCTS N-DODBCANE 
OF MASS NUMBER E337 


RANKING UNTREATED 

HEATED 

UNTREATED 

HEATED 

KI KI 4 HEAT 

1 

370 

373 

370 

337® 

370 

450** 

2 

385 

385 

385 

385 

371 

466 

3 

399 

399 

399 

399 

385 

436 

4 

371 

371 

371 

353 

399 

366 

5 

401 

355 

337 

367 

337 

385 

6 

386 

367 

367 

371 

469 

337 

7 

400 

353 

369 

355 

355 

340 

8 

387 

337 

353 

366 

353 

338 

9 

383 

350 

355 

370 

339 

365 

10 

415 

369 

450 

338 

367 

399 

11 

368 

374 

436 

351 

338 

451 
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i ° 



385 

- H 



451 j 

1 + 



386 

Dimer 

trlol 


466 f 

fragmisnts 



387 

+ H 



506 

Trimer, CaeH74 


Would be Number 13 In Table 2. 


Peak height was -2/3 that of the 196 (Table 2). 



Thus, th« dod«c«nt oxidation products hava condanaad during oxidation 
(whatavar tha naehanlan) avan though tha parant dodacana concantratlon 
la SO tlBca graatar than that of tha oxidation products. Hofuavar, tha 
337 Ion, fonMd by loss of a hydrogan aton fron tha dlaar, la thp aalor 
product In tha haatad portion of tha second oxidation, although it was 
not in tha unhaatad portion of the first four oxidations listed In Table 2. 
Thus, although dodacana la tha largest constituent of the oxidation 
■Ixturea, It la uauallv the oxidized dodecanea that condense fo dimers. 

In the two untreated oxidation products, the four moat prominent 
peaks In Table 3 are Identical: they correapond to a dimer plus two 
or three oxygen stoma and either a fourth oxygen atom or an additional 
carbon atom. The second oxidation, which may have been depleted in 
oxygen, tends to contain dimer unite with fewer oxygen atome and more 
fragments containing additional carbon atoms (436,450). 

Comparing the last two columns of Table 3 shows that heating 
peroxide-free mixtures to 180* formed higher molecular weight compounds. 
Thus, there le a condensation or coupling reaction that does not depend 
on hydroperoxides, but probably involves other functional groups. 
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SUMHARY AND CONaUSlONS 


Our cxpcrlmantal results will now bs used to fomulsts s gsnsrsl 
picture of deposit fornetion end plans for further work. Oxygen is 
required to produce deposits from hydrocarbon fuels, except at pyrolysis 
temperatures. For a given hydrocarbon, the process goes mainly through 
monomsr oxidation, and coupling of these oxidation products to dimeric 
products.^ All of these are at first soluble^ in fuel, but as oxidation 
and condensation continue, the products becc ^e insoluble at molecular 
weights around 600. The insoluble products formed in storage probably 
remain soluble in good solvents (e.g. , acetone), but when fuel contain- 
ing soluble deposit precursors is heated, especially with a little 
oxygen, oxidation and condensation become rapid and precipitates form 
on the walls. These precipitates may ct first be soluble In acetone 
but e\ mutually become Intractable. The oxidations are almost certainly 
conventional free radical chain reactions; the coupling of monomer 
units probably Involves both a free radical coupling mechanism like 
Reaction 3, and a nonradical condensation (e.g., aldol**) , the pro- 
portions of which are unknown and probably dependent on fuel composi- 
tion, temperature, and catalysts. Nitrogen and sulfur compounds 
concentrate In the precursors and deposits because they are more re- 
active in o (Idatlon and condensation, and probably less soluble In fuel. 
Whether the effects of some very reactive fuel components are 
stoichiometric or catalytic remains to be determined. 

Products and fragments between 190 and 338 (dimer) mass number 
must contain at least two oxygen atoms. Because peroxide links are 
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not oxpoctod to ourvlvo FINS* soot produeto In thlo rnn|* contain two 
or ooro onygon-funct tonal groupa. Thalr proportion la difficult to 
aatlmafc vlti> FIMS bacauaa of volatility dlffarancaa. but thf work of 
Janaan at al.* on tha llquld-phaaa oxidation of haxadacana at 

120 to 1B0*C ahowa Chat at laaat a quarter of tha hydrocarbon nolaculaa 
attacked contalna two or nora oxygen functlona. Such producta are 
axpactad and found to be more reactive than mono functional coapounda 
In radical-coupling and condenaatlon reactlona. 

At 130*C In air, dodecane oxldlaea much faater than Fuel C; it 
abaorba about 13.2 nnol of oxygen/aol fuel In 10 houra, compared with 
about 3.82 aBU)l for Fuel C In 20 houra. Fuel C oxldizea at a conatant 
rate while tho rate for dodecane la autocatalytic (very rapid after a 
alow atart). However, by FIMS and obaerved depoalt formation, dodecane 
producea fewer precuraora and no vlaible depoalta. 

FIMS haa been very uaeful for comparing fuel compoaltlona, and for 
aaelng the development of Fuel C depoalt precuraora at 130*C. Reaulta 
with dodecane have been dlacouraglng. The principal Cia oxidation 
producta, alcohola and hydroperoxidea, fragment In the maaa apeettometer 
and give similar peaks that overlap ketone peaks, probably In different 
proportions, so that the primary products and their suboequent changes 
have been hard to Identify. The yields of dimeric and trimeric pre- 
cursors have been surprisingly low. Further, the relative concentra- 
tions of different compounds in the same mixture and of the same com- 
pound in different mixtures depend on the evaporation before the FIMS 
is taken. 
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With tnouth oxyg«n» th« coupling roactlon* would bo inhlbltod and 
tha product would ba unatabla RaOa. Honca gua and dapoalt formation 
may procaod baatnaar tha minioim oxygon concantratlon that parmita 
oxidation. Soma auch naaauramanta ara important in tha work propoaad 
balow. 

Wo now naad a aanaitiva, quantltatlva, and roproduciblo naaaure 
of accumulating dapoait pracursora undar varioua axparimantal and 
atoraga condltlona. Wa think that tha inharont auacaptibllity of a 
fual to dapoalt formation can ba moaaurad by tha formation of nonvola- 
tile matarlala in oxidatlona of fuals that have been freshly distilled 
in vacuum, with prompt examination of oxidized samples. The ASTM 
Test D2274-74 for soluble gum is not reproducible and we are trying to 
Improve upon it. The problem is the very small but important amounts 
of nonvolatile compounds in small samples. We shall compare gum for- 
mation rates in several fuels and relate them to JFTOT and other tests. 

We shall then extend fuel stability studies to other pure hydrocarbons, 
their mixtures, and the effects of additives. 

We shall examine by FIMS other hydrocarbons that may produce more 
dimer and trlmer precursors than n-dodecane, possibly a sec-alkylbenzene, 
diethylbenzene, an alkylcyclohexane, and a tetralln derivative. We 
shall determine whether deposit precursors can be determined more 
usefully by our new gum test, light scattering, or gas and liquid 
chromatography, than by FIMS. 
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